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a b s t r a c t

The mechanisms of the Diels–Alder (DA) reactions of 2-methoxy-5-methyl-1,4-benzoquinone 1 with 2-
methyl-1,3-butadiene 2, in the absence and in the presence of LA catalysts, have been studied using the
DFT method at the B3LYP/6-31G(d) level of theory. The uncatalyzed DA reactions between 1 and 2 take
place via synchronous concerted TSs. The large activation barrier as well as the low stereo and regiose-
lectivity associated with the uncatalyzed process are in clear agreement with the non-polar character of
the cycloaddition. Coordination of the LA catalysts, BF3 or SnCl4, to the oxygen atoms of the benzoquinone
1 produces a large acceleration of the reaction, which can be associated with the large polar character of
the cycloaddition. The different coordination modes of BF3 and SnCl4 LA catalysts to the oxygen atoms of
benzoquinone 1 allow explaining the reverse para/meta regioselectivity observed in these LA-catalyzed
DA reactions. The analysis based on the global and local electrophilicity indices of the reagents correctly
explains the polar nature of the title reactions, as well as the change of regioselectivity experimentally
observed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Diels–Alder (DA) reaction is a powerful tool employed fre-
quently in the synthesis of six-membered ring systems with excel-
lent regio and stereoselective control [1]. In this process a 1,3-
diene reacts with an olefinic or acetylenic dienophile to form a
six-member ring adduct. The usefulness of DA reactions arises
from its versatility and from its remarkable stereochemistry. By
varying the nature of the diene and dienophile many types of car-
bocyclic structure can be built up.

The use of quinones as dienophile component in DA reactions
provides access to a range of structures that are part of the funda-
mental skeleton of natural products and biologically active mole-
cules [2]. The effects of the substituents on the quinone system
are important because they determine the regiochemistry of the
DA reactions. Electron-releasing substituents effects, CH3O > CH3,
on the quinone decrease the reactivity of the double bond to which
they are attached. In addition, the methoxy group produces an
influence on the orientation at the unsubstituted double bond
[3]. The interactions between unsymmetrical dienes can give two
isomeric cycloadduct, depending upon relative positions of the
substituent in the cycloadduct. For 1-substituted dienes head-to-
head interactions corresponds to orto channel and head-to-tail
ll rights reserved.

do).
interactions corresponds to meta channel. For 2-substituted dienes,
head-to-head corresponds to meta channel and head-to-tail corre-
sponds to para channel. This substitution usually directs the DA
reaction with 2-substituted dienes to give the para cycloadducts.

Tou and Reusch [4] reported that the regiochemistry of 2-meth-
oxy-5-methyl-benzoquinone 1 with alkyl-substituted dienes like
2-methyl-1,3-butadiene 2 can be directed to favor either of the
regioisomeric adducts by using appropriate Lewis acid (LA) cata-
lysts (Scheme 1a). Thus, while the use of BF3�OEt2 produce a
2.4:1 ratio of the para/meta regioisomeric cycloadducts, thereby
indicating that this cycloaddition proceeds with very low regiose-
lectivity; the use of SnCl4 produces an inverse relationship with a
higher regiochemistry in favor of the meta regioisomeric cycload-
duct 1:20 para/meta. In absence of a LA, the para and meta cycload-
ducts are formed in a 1:1 ratio [4].

The activation energy associated to the DA reactions has
been related with the polar character of the TS involved in such
processes [5,6]. The characterization of the electrophilic/nucleo-
philic character of the reagents allows predicting the polar char-
acter of the reaction and in consequence the feasibility of the
process. In this context, it is worth noting that the LA-catalyzed
DA reactions take place through TSs with a larger zwitterionic
character [7,8].

The global electrophilicity index x proposed by Parr et al. [9]
has been used to classify the dienes and dienophiles currently used
in DA reactions within a unique scale of electrophilicity [10,11].
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A good correlation between the difference in electrophilicity of the
diene and dienophile pair, Dx, and the feasibility of the cycloaddi-
tion was found. A high electrophilicity at the dienophile and a high
nucleophilicity at the diene will in general result in a highly polar
transition state, associated with a favorable diene – dienophile
interaction, thereby facilitating the cycloaddition [10]. In addition,
the static charge transfer (CT) model proposed by Pearson [12]
gave a good correlations with the actual CT found at the corre-
sponding highly asynchronous TSs [10]. Therefore, Dx for a
diene/dienophile pair is a valuable tool to predict the polar charac-
ter of a DA reaction. In addition, the local counterpart condensed to
atom k, xk [13], has been found to be a useful tool that correctly
explains the regioselectivity of the polar DA reactions. The local
electrophilicity together with the Fukui functions for electrophilic
attack, [14] fk

�, allow the identification of the most electrophilic
and nucleophilic centers in the reactants [13].

Recently, we have studied the DA reactions of 2-acetyl-1,4-
benzoquinone 3, an electrophilically activated benzoquinone,
with methyl substituted 1,3-butadienes [15] (Scheme 1b). These
reactions were characterized by the nucleophilic attack of the
unsubstituted ends of 1,3-dienes to the b conjugated position of
the 2-acetyl-1,4-benzoquinone followed by a ring-closure. These
DA reactions have low activation energies, between 9.5 and
14.8 kcal/mol (B3LYP/6-31G(d)), [16] and a large endo selectivity.

In this work we present a theoretical study about the mecha-
nisms of the DA reactions of 2-methoxy-5-methyl-benzoquinone
1 with 2-methyl-1,3-butadiene 2, in the absence and in the pres-
ence of LA catalysts, BF3 and SnCl4 (see Scheme 2). We first make
a reactivity analysis based on static reactivity indices to discuss
the origin of the polar character and the regioselectivity of these
cycloadditions. Then, the mechanism of DA reactions between
the benzoquinone 1 and the 2-methylbutadiene 2 in absence and
in the presence of LA catalysts coordinated to different positions
of the benzoquinone 1 is discussed. The purpose of our work is
to contribute to a better understanding of the changes in the reg-
iochemistry due to different modes of LA coordination in these
DA reactions and to shed some light on the mechanistic details
of these polar cycloadditions.
2. Methodology

DFT calculations were carried out using the B3LYP [17,18] ex-
change-correlation functional, together with the standard 6-
31G(d) basis set [19] for hydrogen, carbon, oxygen, boron, fluorine
and chlorine and the Hay–Wadt small-core effective core potential
(ECP) including a double-n valence basis set for Tin [20] (LandL2DZ
keyword). The optimizations were carried out using the Berny ana-
lytical gradient optimization method. [21] The intrinsic reaction
coordinate (IRC) [22] path was traced to check the energy profiles
connecting each transition structure to the two associated minima
of the proposed mechanism by using the second-order González–
Schlegel integration method [23,24]. All calculations were carried
out with the Gaussian 03 suite of programs [25]. The stationary
points were characterized by frequency calculations. The electronic
structures of TSs and ground states were analyzed in term of the
bond orders (BO) [26] and the natural charges obtained from the
natural bond orbital (NBO) method [27,28] at the same calculation
level. Solvent effects were evaluated by performing single-point
B3LYP/6-31G(d) calculations at the gas-phase stationary points in-
volved in the reaction using the polarizable continuum model
(PCM) of Tomasi’s group [29,30]. Since the solvent is usually
dichloromethane, we used a dielectric constant value e = 8.93.

Global reactivity indexes such as the electronic chemical poten-
tial, l, chemical hardness, g, and electrophilicity x, were approxi-
mated in terms of the one electron energies of the frontier
molecular orbital (FMO) HOMO and LUMO, eH and eL, using the
expressions l � (eH + eL)/2 and g � (eL – eH) and x = l22g, respec-
tively, at the ground state of the molecules [32]. The local electro-
philicity [10], xk, condensed to atom k is easily obtained by
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Scheme 2. (a) Regioisomeric channels of the uncatalyzed DA reaction between 2-methoxy-5-methyl-1,4-benzoquinone 1 and 2-methyl-1,3-butadiene 2. Regioisomeric
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catalyst coordinated.

Table 1
Electronic chemical potential l (in a.u.), chemical hardness g (in a.u.) and global
electrophilicity x (in eV) for 1–2 and the LA coordinated systems 4–6, and local
electrophilicity xk (in eV) for 1 and 4–6.
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C2 C3 C5 C6

1 �0.1848 0.1446 3.21 0.28 0.16 0.40 0.27
4 �0.2193 0.1325 4.93 0.51 0.10 0.47 0.47
5 �0.1980 0.1380 3.87 0.29 0.21 0.52 0.27
6 �0.2355 0.1176 6.42 0.38 0.47 0.93 0.27
2 �0.1226 0.2069 0.98
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projecting the global quantity onto any atomic center k in the mol-
ecule by using the condensed electrophilic Fukui function [33], fk

+

at the B3LYP/6-31G(d) level. There results: xk = x fk+.
The presence of the BF3 LA catalyst has been considered in two

coordination modes: in 4 the coordination is at the carbonyl O9
oxygen while in 5 it is attached to the carbonyl O7 oxygen atom.
For the SnCl4 LA catalyst only one coordination mode has been con-
sidered, namely double coordination to the carbonyl O9 and meth-
oxy O8 oxygens in 6 (see Scheme 2c).

3. Results and discussion

3.1. Global electrophilicity analysis

Recent studies carried out on DA reactions [5–8,15] have shown
that the reactivity indices defined within the conceptual density
functional theory [34,35] are powerful tools to study the polar
character of the cycloaddition. In Table 1, we report the static glo-
bal properties, namely, electronic chemical potential l, chemical
hardness g, and global electrophilicity x for the system 1–2 and
the LA coordinated systems 4–6.

The electronic chemical potential of 2-methylbutadiene 2
(l = �0.1226 au) is higher than that of benzoquinone 1
(l = �0.1848 au), thereby indicating that along a polar DA reaction,
the net CT will take place from the diene 2 toward the benzoqui-
none 1, in qualitative agreement with the CT analysis performed
at the TS structures (vide infra). Coordination of the LA catalysts,
BF3 or SnCl4, to the carbonyl oxygen atoms of benzoquinone 1 de-
creases the electronic chemical potential value of 1 to �0.2193 au
for 4, �0.1980 au for 5 and �0.2355 au for 6.

The electrophilicity of benzoquinone 1 is 3.21 eV, a value that
falls within the range of strong electrophiles in the x scale. [10]
Note that the electrophilicity of 1 is lower than that of 2-acetyl-
1,4-benzoquinone 3 x = 4.64 eV) [15] probably as a consequence
of the substitution by the electron-withdrawing acetyl group pres-
ent in 3 compared to the electron-releasing methoxy group in 1.
Coordination of BF3 to the carbonyl O9 oxygen in 4 increases the
electrophilicity of 1 to 4.39 eV, while coordination to O7 oxygen
in 5 results in an electrophilic activation to 3.87 eV. On the other
hand, coordination of SnCl4 to carbonyl O7 and methoxy O8 oxy-
gen atoms increases the electrophilicity of 6 to 6.42 eV due to
the larger acid character of SnCl4, and a decrease of the electron-
releasing ability of the methoxy oxygen atom with the LA
coordination. The difference in electrophilicity of the diene and
dienophile pair Dx for DA reactions has been used to predict the
polar character of the cycloadditions [10]. The Dx values for uncat-
alyzed DA reaction between 1 and 2 is 2.32 eV, while for the LA-
catalyzed reactions, these values raise to 3.95 eV, 2.89 eV and
5.44 eV for 4, 5 and 6, respectively. The larger Dx values found
for the LA-catalyzed DA reactions indicate that they will present



Fig. 1. Geometries of transition states of the DA reaction between 2-methoxy-5-
methyl-1,4-benzoquinone 1 and 2-methyl-1,3-butadiene 2. The imaginary fre-
quencies are given in cm-1 and bond distances in Å units. Bond order values are
given in parenthesis.
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a larger polar character at the TS. In addition, it may be anticipated
that the DA reaction between 2 and 6 will present the largest polar
character and the largest acceleration.

Recent studies on cycloadditions with a large polar character
have shown that the analysis based on the local electrophilicity
xk [13] allows one to explain the regioselectivity experimentally
observed. The analysis of local electrophilicity on benzoquinone
1 indicates that the C5 position is the more electrophilic center
of the molecule (xC5 = 0.40 eV). This result is not in agreement
with the regioselectivity experimentally observed for uncatalyzed
reaction (vide infra). However, coordination of 1 with BF3 in 4 pro-
duces a similar activation at C5 and C6 (x = 0.47 eV), in good
agreement with the low regioselectivity experimentally observed
for this catalyzed DA reaction. On the other hand, the coordination
at carbonyl O7 oxygen with BF3 in 5 and SnCl4 in 6 produces a large
activation at C5 position (xC5 = 0.52 eV and xC5 = 0.93 eV) respec-
tively. The regioselectivity predicted for 6 is in close agreement
with the experiment.

3.2. Study of the uncatalyzed Diels–Alder reaction between 2-
methoxy-5-methyl-benzoquinone 1 and 2-methylbutadiene 2

The DA reaction between benzoquinone 1 and 2-methylbutadi-
ene 2 can take place along four reactive channels: the two endo and
exo stereoisomeric channels and the two ortho and meta regiose-
lective channels. An exhaustive exploration of the PES for these
DA reactions indicates that they are associated with concerted C–
C bond-formation processes. One TS and the corresponding [4+2]
cycloadduct associated with the four reactive channels was located
and characterized (see Scheme 2a).

The total and relative energies corresponding to the stationary
points associated with these reactive channels are summarized in
Table 2. The activation barriers associated with the cycloaddition
processes are 22.5 kcal/mol for TS1np, 24.3 kcal/mol for TS1xp,
22.8 kcal/mol for TS1nm and 24.3 kcal/mol for TS1xm. These en-
ergy results indicate that the endo approaches are 1.8 and
1.5 kcal/mol more favorable than the exo ones. On the other hand,
the ortho and meta channels present almost similar activation
energies, thereby correctly suggesting a 1:1 product distribution.
Therefore, the uncatalyzed DA reaction between 1 and 2 presents
poor regioselectivity. The more favorable channel via TS1np is only
2.3 kcal/mol lesser in energy than that calculated for the unfavor-
able DA reaction between butadiene and ethylene [36]. Note that
the activation barrier associated with the DA reaction between 2-
acetyl-1,4-benzoquinone 3, and 2 is 11.6 kcal/mol; [15] therefore
the substitution by the electron-withdrawing acetyl group present
in 3 by an electron-releasing methoxy group in 1 produces a dra-
matic increase in activation energy compared to the DA reaction
of 1 with 2.

The geometries, lengths of the forming bonds and bond order of
the TSs of the DA reaction between 1 and 2 are shown in Fig. 1. The
Table 2
B3LYP/6–31G(d) total energies (E in a.u.), relativea energies (DE in kcal/mol), in
vacuum and in dichloromethane, of the stationary points for the DA reactions of 2-
methoxy-5methyl-1,4-benzoquinone 1 with the 2-methyl-1,3-butadienes 2.

E DE Esolv DEsolv

1+2 �730.611835 �730.624553
TS1np �730.575479 22.5 �730.589364 22.0
TS1xp �730.573138 24.3 �730.586467 23.9
CAp �730.656975 �28.3 �730.668360 –27.5
TS1nm �730.576022 22.8 �730.589617 21.9
TS1xm �730.573125 24.3 �730.586348 23.9
CAm �730.656347 �27.9 �730.667703 �27.1

a Energy values relative to the separated reagents.
extent of the asynchronicity of bond-formation can be measured
by means of the difference between the lengths of the two r bonds
that are being formed in the reaction, i.e., Dd = d(C5–C13) � d(C6–
C10) at the para TSs and Dd = d(C5–C10) � d(C6–C13) at the meta
TSs. The values calculated at the TSs are 0.17 at TS1np and 0.09
at TS1xp, 0.02 at TS1nm and 0.01 at TS1xm. These rather low val-
ues point out to the low asynchronicity that is present in concerted
processes. These results indicate that these TSs correspond to con-
certed but slightly asynchronous bond-formation processes.

The natural population analysis (NPA) allows evaluating the CT
along these cycloadditions [10]. The natural charges at the TSs ap-
pear shared between the donor 2-methylbutadiene 2 and the
acceptor benzoquinone 1 frameworks. The CT from the diene 2
to 1 at the TSs are 0.18e at TS1np and TS1nm, 0.16e at TS1xp
and 0.17e at TS1nm. These values are slightly larger than those ob-
tained at the TS associated with the non-polar DA reaction be-
tween butadiene/acroleine, 0.11e [10] and account for the large
activation energy associated with these DA reactions.

3.3. Study of LA-catalyzed Diels–Alder reactions between 2-methoxy-
5-methyl-benzoquinone 1 and 2-methylbutadiene 2

Previous studies on benzoquinones bearing electron-withdraw-
ing substituents have shown that these DA reactions present endo
selectivity. [15] In addition, the endo and exo stereoisomeric reac-
tive channels leading to the same regioisomeric cycloadduct. In
consequence, for the catalyzed DA reactions only the endo ap-
proaches modes of the diene system of 2 over the benzoquinone
system of 1 have been studied. For DA reactions catalyzed with
BF3, two coordination modes of the LA to each one of the two car-
bonyl oxygen atoms have been considered (see Scheme 2b). The to-
tal and relative energies associated with the processes are
summarized in Table 3. The activation barriers associated with
the BF3 catalyzed DA reactions are 13.9 kcal/mol for TS2np and
13.6 kcal/mol for TS2nm, 15.8 kcal/mol fot TS3np and 16.0 kcal/
mol for TS3nm. Therefore, a large acceleration with the LA coordi-
nation is found for the catalyzed process as a consequence of the
enhancement in electrophilicity of 4 and 5 relative to 1. These en-



Table 3
B3LYP/6–31G(d) total energies (E in a.u.), relativea energies (DE in kcal/mol), in
vacuum and in dichloromethane, of the stationary points for the DA reactions of 2-
methoxy-5methyl-1,4-benzoquinone in presence of LA 4, 5 and 6 with the 2-methyl-
1,3-butadienes 2.

E DE Esolv DEsolv

4 + 2 �1055.185649 �1055.203572
TS2np �1055.163413 13.9 �1055.183829 12.4
CA2p �1055.233921 �30.2 �1055.250675 �39.5
TS2nm �1055.163904 13.6 �1055.183511 12.6
CA2m �1055.233687 �30.1 �1055.250541 �39.4
5 + 2 �1055.176265 �1055.189476
TS3np �1055.151012 15.8 �1055.173768 9.8
CA3p �1055.221488 �28.4 �1055.233110 �27.4
TS3nm �1055.150779 16.0 �1055.172713 10.5
CA3m �1055.221788 �28.5 �1055.233233 �27.5
6 + 2 �2574.925740 �2574.947337
TS4np �2574.902321 14.7 �2574.928543 11.8
CA4p �2574.968534 �13.6 �2574.986862 �24.8
TS4nm �2574.904863 13.1 �2574.931321 10.0
CA4m �2574.968763 �13.5 �2574.986988 �24.8

a Energy values relative to the separated reagents.
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ergy barriers show that the coordination of BF3 to the carbonyl O9
oxygen at 4 is more favored than coordination at the carbonyl O7
oxygen in 5, in good agreement with the larger electrophilicity
activation predicted for the LA complex 4 than that for the LA com-
plex 5. The effect of the LA catalyst is therefore revealed at the
transition state structure. For instance, in the energy profile, com-
plex 4 appears 5.9 kcal/mol below complex 5. These energy results
indicate that the reactive channels via TS2np and TS2nm are fa-
vored over those via TS3np and TS3nm. For the SnCl4 catalyzed
DA reaction, the two endo regioisomeric channels were studied.
The activation barriers are 14.7 kcal/mol for TS4np and 13.1 kcal/
mol for TS4nm. A change of the regioselectivity is found with the
coordination of Sn cation to the carbonyl O7 and methoxy O8 oxy-
gen atoms. The activation barrier associated with TS4nm presents
the lowest values of the LA-catalyzed DA reactions of the benzo-
quinone 1, in good agreement again with the largest Dx found
for SnCl4 catalyzed DA reaction.
Fig. 2. Geometries of endo transition states of the DA reactions between 2-methoxy-5-
methyl-1,3-butadiene 2. The imaginary frequencies are given in cm�1 and bond distanc
The geometries, lengths of the forming bonds and bond order of
the TSs associated with the DA reaction of the BF3 LA complexes 4
and 5 and SnCl4 LA complex 6 with the diene 2 are shown in Fig. 2.
The extents of the asynchronicity on bond-formation at the TSs are
0.74 at TS2np, 0.64 at TS2nm, 0.68 at TS3np, 0.80 at TS3nm, 0.80
at TS4np and 0.83 at TS4nm. These large values point to highly
asynchronous TSs associated with two-center additions. These re-
sults indicate that these TSs correspond to highly asynchronous
bond-formation processes.

Finally, the CT at the TSs associated to the LA-catalyzed DA reac-
tions are 0.33e TS2np, 0.34e at TS3np and 0.39e at TS4np, for the
meta TSs, the calculated CT are 0.30e at TS2nm, 0.37e at TS3nm
and 0.41e at TS4nm. These values indicate that these structures
have a large zwitterionic character. Coordination of the LAs to
the benzoquinone 1 results in a large increase of the CT at the
TSs as a consequence of the increase in electrophilicity of the cor-
responding LA complex. This behavior allows explaining the large
acceleration observed in these polar DA reactions.

As these LA-catalyzed DA reactions have a polar character, and
solvent can stabilize some species, solvent effects by dichloro-
methane were considered by means of single point energy calcula-
tions on the gas-phase optimized geometries using the PCM
method [31]. Several studies devoted to polar DA reactions have
indicted that the inclusion of solvent effects on the geometry opti-
mization produce only minor changes relative to the gas-phase cal-
culations [5,6]. The total and relative energies in dichloromethane
are given in Tables 2 and 3, respectively. For the DA reaction be-
tween the benzoquinone 1 and 2-methybutadiene 2 the decrease
in activation barrier is only 0.5 kcal/mol. This marginal solvent ef-
fect on the activation barriers may be traced to the low polarity of
the TSs (see Table 2).

As expected, a solvent polar effect will stabilize more effectively
the TSs when this structure presents a polar character. Therefore,
for the LA-catalyzed DA reactions solvent effects produce a large
acceleration as a consequence of a larger stabilization of the polar
TSs than reagents. These results are a consequence of the increase
of the electrophilicity of benzoquinone 1 with the LA coordination.
In addition, for the BF3 LA-catalyzed DA reaction of 1 inclusion of
solvent effects produces an inversion of the gas-phase regioselec-
methyl-1,4-benzoquinone with BF3�OEt2 as LA 4, 5 and with SnCl4 as LA 6 and 2-
es in Å units. Bond order values are given in parenthesis.
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tivity, in clear agreement with the experimental result. In dichloro-
methane, TS2np is 0.2 kcal/mol lesser in energy than TS2nm as a
consequence of a large solvation of the former. Note that even
through in dichloromethane the activation barrier associated with
TS3np, 9.8 kcal/mol, is lower than that for TS2np, 12.8 kcal/mol,
the larger stability of complex 4 compared to complex 5,
�8.9 kcal/mol, causes the reaction channel to follow the pathway
through TS3np. This result is in agreement with the Curtin–Ham-
mett principle [37]

In summary in dichloromethane the BF3 catalyzed DA reaction
presents a low para regioselectivity. However, the SnCl4 catalyzed
DA reaction presents a large meta selectivity. An inversion of the
regioselectivity with respect the BF3 catalyzed process is found in
good agreement with the experimental results.

4. Concluding remarks

The mechanisms of the Diels–Alder reactions of 2-methoxy-5-
methyl-1,4-benzoquinone 1 with 2-methyl-1,3-butadiene 2, in
the absence and in the presence of LA catalysts have been studied
using DFT method at the B3LYP/6-31G(d) level of theory. For the
uncatalyzed reaction both endo/exo stereo and para/meta regiose-
lectivity channels have been studied. These DA reactions take place
via synchronous concerted TSs. The larger activation barrier associ-
ated with the uncatalyzed process is in good agreement with the
non-polar character of the cycloaddition. The uncatalyzed reaction
presents a low regioselectivity. Coordination of the LA catalysts,
BF3 or SnCl4, to the oxygen atoms of the benzoquinone 1 produces
a large acceleration of the reaction, which can be associated with a
larger polar character of the cycloaddition. The different coordina-
tion modes of the BF3 and SnCl4 LA catalysts to the benzoquinone 1
allow explaining the reverse para/meta regioselectivity observed in
these LA-catalyzed DA reactions.

The theoretical results obtained may thus provide a useful
tool for the interpretation of the reaction mechanisms. The anal-
ysis based on the electrophilicity index of reagents correctly ex-
plains the polar nature of the LA-catalyzed DA reactions. The
strong electrophilic character of LA complexes of the meth-
oxybenzoquinone 1 accounts for the large acceleration found in
these DA reactions. Finally, the analysis based on the local elec-
trophilicity index at the LA complexes allows explaining the re-
verse regioselectivity experimentally observed in the presence of
the BF3 and SnCl4 LA catalysts. Solvent effects are consistently
predicted as marginal in the uncatalyzed mechanism because
the non-polar character of the TSs. On the other hand, significant
solvent effects on the reaction barriers are consistently predicted
for polar TSs induced by the presence of LA catalysts. The polar-
ity of the LA coordinated TSs in turn display high values of elec-
trophilicity index difference.

Acknowledgments

We acknowledge support from FONDECYT Grant No. 1070715.
J.S.D. acknowledges MECESUP fellowship No. 0408. L.R.D. thanks
the Spanish Government for financial support through project
CTQ2006-14297/BQU.

References

[1] W. Carruthers, Cycloaddition Reactions in Organic Synthesis, Pergamon,
Oxford, UK, 1990.

[2] K.T. Finley, The Chemistry of Quinonoid Compounds, S. Patai, Z. Pappoport
(Eds.), vol. 2, Wiley-Interscience, New York, 1988.

[3] F. Bohlmann, W. Mather, H. Scharz. Chem. Ber. 110 (1977) 2528.
[4] J.S. Tou, W. Reusch, J. Org. Chem. 45 (1980) 5012.
[5] L.R. Domingo, Theor. Chem. Acc. 104 (2000) 240.
[6] L.R. Domingo, J. Org. Chem. 66 (2001) 3211.
[7] L.R. Domingo, M.J. Aurell, J. Org. Chem. 67 (2002) 959.
[8] L.R. Domingo, M. Arno, R. Contreras, P. Perez, J. Phys. Chem. A 106 (2002) 952.
[9] R.G. Parr, L. Von Szentpaly, S. Liu, J. Am. Chem. Soc. 121 (1999) 1922.

[10] L.R. Domingo, M.J. Aurell, P. Pérez, R. Contreras, Tetrahedron 58 (2002) 4417.
[11] P. Pérez, L.R. Domingo, A. Aizman, R. Contreras, in: A. Toro-Labbé (Ed.),

Theoretical Aspects of Chemical Reactivity, Elsevier Science, Amsterdam, 2007,
p. 139.

[12] R.G. Pearson, Acc. Chem. Res. 26 (1993) 250.
[13] L. R Domingo, M.J. Aurell, P. Pérez, R. Contreras, J. Phys. Chem. A 106 (2002)

6871.
[14] R.G. Parr, W. Yang, J. Am. Chem. Soc. 106 (1984) 4049.
[15] J. Soto-Delgado, L.R. Domingo, R. Araya-Maturana, R. Contreras, J. Phys. Org.

Chem. (2008), doi:10.1002/poc.1473.
[16] Despite the polar character of DA reaction of quinones, the incorporation of

polarized and diffuse functions with 6-31+G(d,p) basis set produce an increase
in the activation energies and a decrease in the exothermic character of these
reactions. On the other hand, it does not substantially modify the selectivities.
See Ref. [15].

[17] A.D. Becke, J. Chem. Phys. 98 (1993) 5648.
[18] P.J. Stephens, F.J. Devlin, C.F. Chahalowsky, M.J. Frisch, J. Phys. Chem. 98 (1994)

11623.
[19] W.J. Hehre, L. Radom, P.V.R. Schleyer, J. Pople, Ab Initio Molecular Orbital

Theory, Wiley, New York, 1986.
[20] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 299.
[21] H.B. Schlegel, J. Comput. Chem. 3 (1982) 214.
[22] K.J. Fukui, Phys. Chem. 74 (1970) 4161.
[23] C. González, H.B. Schlegel, J. Phys. Chem. 94 (1990) 5523.
[24] C. González, H.B. Schlegel, J. Chem. Phys. 95 (1991) 5853.
[25] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

J.A. Montgomery, T. Vreven, K.N. Kudin, J.C. Burant, J.M. Millam, S.S. Iyengar, J.
Tomasi, V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G.A. Petersson,
H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J.E. Knox, H.P. Hratchian,
J.B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev, A.J.
Austin, R. Cammi, C. Pomelli, J.W. Ochterski, P.Y. Ayala, K. Morokuma, G.A.
Voth, P. Salvador, J.J. Dannenberg, V.G. Zakrzewski, S. Dapprich, A.D. Daniels,
M.C. Strain, O. Farkas, D.K. Malick, A.D. Rabuck, K. Raghavachari, J.B. Foresman,
J.V. Ortiz, Q. Cui, A.G. Baboul, S. Clifford, J. Cioslowski, B.B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R.L. Martin, D.J. Fox, T. Keith, M.A. Al-
Laham, C.Y. Peng, A. Nanayakkara, M. Challacombe, P.M.W. Gill, B. Johnson, W.
Chen, M.W. Wong, C. Gonzalez, Pople, J.A. Gaussian 03, Revision C.02;
Gaussian: Wallingford, CT, 2004.

[26] K.B. Wiberg, Tetrahedron 24 (1968) 209.
[27] A.E. Reed, R.B. Weinstock, F. Weinhold, F.J. Chem. Phys. 83 (1985) 735.
[28] A.E. Reed, L.A. Curtiss, F. Weinhold, F. Chem. Rev. 88 (1988) 899.
[29] J. Tomasi, M. Persico, Chem. Rev. 94 (1994) 2027.
[30] M.T. Cances, V. Mennunci, J. Tomasi, J. Chem. Phys. 107 (1997) 3032.
[31] V. Barone, M. Cossi, J. Tomasi, J. Comput. Chem. 19 (1998) 404.
[32] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford

University Press, New York, 1989.
[33] R. Contreras, P. Fuentealba, M. Galván, P. Pérez, Chem. Phys. Lett. 304 (1999)

405.
[34] P. Geerlings, F. De Proft, W. Langenaeker, Chem. Rev. 103 (2003) 1793.
[35] D.H. Ess, G.O. Jones, K.N. Houk, Adv. Synth. Catal. 348 (2006) 2337.
[36] E. Goldstein, B. Beno, K.N. Houk, J. Am. Chem. Soc. 118 (1996) 6036.
[37] D.Y. Curtin, Rec. Chem. Prog. 15 (1954) 111.

http://dx.doi.org/10.1002/poc.1473

	Understanding the influence of Lewis acids in the regioselectivity of the Diels–Alder reactions of 2-methoxy-5-methyl-1,4-benzoquinone: A DFT study
	Introduction
	Methodology
	Results and discussion
	Global electrophilicity analysis
	Study of the uncatalyzed Diels–Alder reaction between 2-methoxy-5-methyl-benzoquinone 1 and 2-methylbutadiene 2
	Study of LA-catalyzed Diels–Alder reactions between 2-methoxy-5-methyl-benzoquinone 1 and 2-methylbutadiene 2

	Concluding remarks
	Acknowledgments
	References


